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(57) Abstract 



Methods and apparatus implementing a technique for electrostatically transporting a particle (130) through a medium. In general, one 
implementation includes a substrate ( 130); a first insulation layer (120) formed on the substrate ( 130); a plurality of electrodes (105, 1 10, 
I 15) arranged in a sequence on the insulation layer (120), where the electrodes (105, 1 10, 1 15) are divided into a plurality of groups and 
the electrodes are arranged by group; a second insulation layer (235) over at least one of the electrodes (105, 1 10, 1 15); and a phase-shift 
circuit (800) connected to the electrodes (105. 110, 115) which supplies a voltage wave-form to each group of electrodes, where each 
I voltage wave-form for each group is pha.se-shifted relative to the other phase-shifted wave-forms. 
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ELECTROSTATIC PARTICLE TRANSPORTATION 

The Government may have certain rights based on 
Grant No. N660C1-96-C-8632 awarded by G.3. Navy. 

5 TECHNICAL TIELD 

The present disclosure relates to the 
electrostatic transportation of particles. 

BACKGROUND 

Transport of particles is fundamerxal to many 

10 instrum.ents including airborne samplers, particle 
sorters, and electrostaoic cleaning apparatuses. 
Specifically, the particle diameter range from^ 1 to 10 urn 
is of significant importance because many airborne 
pollutants such as biological spores, ciust particles, and 

15 cnemical agents fall into this geometric size range. In 
addition, other airborne pollucants, orders of magnitude 
smaller than this size range, have also been dispersed m 
air with the aid of larger carrier particles which are in 
the l-lOym size scale. Therefore, such a particle 

20 transport device becomes a vital component of a wide 
range of instruments. 

Electrostatic particle transportation for 1-10 
pm sized particle has been an unresolved task for 
engineers. Devices for manipulation and transport have 

25 been developed for larger size ranges of particles, but 
not in the 1 to 10 pm particle scales. Surface forces and 
particle charging becom.e difficult issues in successfully 
engineering a robust particle transport mechanism.. For 
example, Novick, Hummer, and Dunn have noted that the 
30 sub"10um. range presents a different regime where surface 
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adhesive forces and par::icie cr.argir.g hinder the 
successfui engineering cf a rcbusr particle transport 
system. See V.J, Novick, C.R. Hummer, and P.r. Dunn, 
''Minimum dc electric field requirem.ents for removing 
5 powder layers from, a conductive surface," Journal of 

Applied Physics, Vol. 6:, 3242-3247 , 15*89. Previous MEMS 
wor-: only reported success on moving larger particles 
.over I-Cum) v/ith vcltages typically in tne kV regime. 
See F.M. Moesner, T. Higuchi, "Devices for Parti.cle 
10 Handling b\' an AC FJectric Field," IEEE Conference Proc. 
MEMS 19 95. 

SUMMAF.Y 

The present disclosure describes miethods and 
apparatus im.plem.ent ing a technique for electrostatically 

15 transporting a particle thrcugh a medium. In general, 
one imipiementation includes a substrate; a first 
^nsulati-on layer formed on the substrate; a plurality of 
electrodes arranged in a sequence on the insulation 
layer, where the electrodes are divided into a plurality 

20 of groups and the electrodes are arranged by group; a 
second insulation layer over at least one c^f the 
electrodes; and a phase shift circuit connected tc- the 
electrodes which supplies a voltage wave-form to- each 
group of electrodes, where each voltage wave-form for 

25 each group is phase-shifted relative to the other phase- 
shifted wave-forms , 

The technique also includes generating a plurality 
of phase-shifted vcltage wave-form.s, each said voltage 
wave-form, phase-shifted relative to each of the other 

30 phase-shifted voltage wave-fcrm.s; applying each phase- 
shifted voltage wave-form to a corresponding one of a 
plurality cf electrodes to cause a particle to transport 
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across the electrodes according tc> the phase-shifting, 
where the electrodes are arranged in sequential groups, 
each group including an electrode from each set in a 
sequence according to tne phase-shift corresponding to 
5 that electrode, and where the particle is transported at 
a height over the electrodes between approximately 10 and 
lOO'o of the diameter of the particle. 

3?;ISF DESCRIPTION OF THE DRAWINGS 
RIG. 1 shov/s an electrode panel of an 
10 electrostatic particle transportation ('^RPT") system. 

FIGS. 2A through 2E illustrate a preferred 
fabrication process for an electrode panel of an EPT 
chip . 

FIG. 3A shows an example cf a radial electrode 
15 gecmetry. 

FIG. 33 shows an example of a zig-zag electrode 
gecmetry . 

FIG. 30 shows an example of a linear electrode 
geometry . 

20 FIG. 4 shows an example of a linear two- 

dimensional grid of electrodes for two dimensional 
particle movem.ent . 

FIG. 5 shows a cross-section of an electrode panel 
v;ith values for width or thickness. 
25 FIG. 6 shows a set of electrodes connected in 

three separate groups. 

FIG. ^ shows voltage patterns for iihree-phase 
operation of the electrode panel. 

FIG. 8 shows a schematic of a phase circuit for 
30 generating the waveforms shown in FIG. 7. 

FIG. 9 depicts forces acting upon a particle. 
FIG. 10 is a chart of two dimiensional finite 
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elemen:: simularicn results which clearly show rhis crend. 

FIG. 11 is a chart which shows the magnitude of 
the image fcrces as a function of cosiiior. . 

FIG. 12 shows the variatiin of r ransportat ion 
5 efficiency vs. insulation height: for Bum glass spheres 
for photoresist. 

FIGS. 12 and 13 show the variatior: of 
transpcirtation efficiency vs. insulation neight for Sum 
glass spheres for Teflon**'. 
10 FIG. 14 snows a three dimensional view of a filter 

with electrodes . 

FIGS. ISA - 15G shew a fabrication sequence for 
zhe air filter shown in FIi;. 14. 

FIGS. 16A - 16C shr-w examples of three types of 
15 electrode designs. 

FIG. 17 shows an example :f a high frequency phase 
circuit. FIG. 18 shows a conceptual picture of liquid 

to air E?T system, 

FIG. 19 shows a cross-sect i cn of an interface 
20 region and interdigitated elecrrodes. 

DETAILED DESCRIPTION 
The preseno disclosure describes methods and 

apparatus implementing a technique for electrostatic 

particle transportation. In a preferred implementation, 
25 a chip built using m.icromachming technology includes 

patterned and insulated electrodes in a grid or arrays. 

The electrodes are specifically designed to 

electrostatically transport parti::le3 from 1 - 10 pm. in 

diam.eter. Using conventional techniques, 
30 electrostatically transporting particles in this size 

range is very difficult. The technique of the present 
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disclosure 3hov;s that such t ransp^jrr aticn can oe done 
with rhe ri^ghc combinat ic-n of insulation materials, 
insulation thic-:nesses , particle sizes, particle 
compositions, wave-forms, frequencies, and voltages. 
5 Particle transportation efficiencies as high as 90^ have 
been routinely achieved for 5 and 8 micron glass beads. 
This technology has wide applications. For example, a 
menbrane air-filter utilizing this particle 
t ransporrat ion technique can be fabricated. 
10 FIG. 1 shows an electrode p-anel 100 of an 

electrostatic particle transportac icn C'FPT") system 
including three electrode arrays 105, 110, 115 cc^vered by 
an insulation layer 120. The electrodes 105, 110, 115 
are positioned upon a silicon oxide (SiO^' layer 125. The 
15 silicon oxide layer 125 is fcrned on a silicon substrate 
130. The fabricatim process is described below. A 
phase shifted electrical signal is appliec to the 
electrode arrays 105, 110, 115 to cause a parcicle 130 to 
move in the direction indicatec by arrow 135. 
20 The components in the EPT system can vary 

depending upon the application and desired performance 
characteristics. The insulation layer 120 can be made 
from a variety of insulation miaterials, such as silicon 
nitride, photoresist, or polytetraf lucroethylene (i.e., 
25 TeflcrJ") . The thickness of the insulation layer 120 can 
also vary from, zero to approximately ITpm. The size of 
the particle 130 which can be usea with the system can 
vary from apprcxim.a tely 1 to lOjim. In addition, the 
particle 130 can be made from various materials, 
30 including metal, glass, polystyrene, spores, etc. The 
signal supplied to the electrodes 105, 110, 115 can have 
a variety of wave-formis, frequencies, and voltages. 
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FIGS. 2A through illustrate a preferred 
fabrication process fcr ar. electrode panel 2C0 of an E?T 
chip 200. The resulting EFT chip 200 includes two 
insulSition layers and two conductive layers fcrT.ing a 
5 three phase network. In alternative implementations 

having higher order phases, the electrode panel includes 
more insulation and conductive layers. A cross -se ::tional 
view if a finished elect r Dae panel is shown in FIG. 1. 

In FIG. 2A, a silicon substrate 205 is coated with 
10 a layer 210 c-f thermial oxice app rox imiately 1-2 um thi^k. 
The substrate 20 5 can be maae of alterative natorials 
suih as glass, quartz cr sapphire, and the therrr-al oxide 
layer 210 can be formed frcmi materials such as silicon 
di :-x i de . 

15 In FIG. 2B, approximately 3000 A cf alum.inum is 

therm:ally evaporated and patterned to formi electrodes 
215. In FIG. 2C, Silicon nitride {"SIM") is deposited 
by plasma enhanced chem.ical vapcr deposition r'PECVD"} to 
form an insulation l.ayer 220 appr :ximately lymi thick upon 

20 the elect rc'des 215 and thermal oxide layer 210. One or 
more via holes 225 are etched int:: the silicon nitride 
layer 220 to provide access to the electrodes 215. In 
FIG. 2D, a second Al layer 230 is deposited upon the 
silicon nitride layer 220 and patterned. In an 

25 alternative implementation, a similar process using gold 
instead of aluminum, for the electrodes 215 and aluminum, 
layer 2 30 and low temperature thermal oxide instead cf 
PECVD silicon nitride for the silicon nitride layer 220 
can oe used. 

30 In FIG. 2E, an insulation layer 235 ranging from 

approximately 1pm to Sum. in thi :kness is deposited t^ 
cover the structure shown in FIG. 2D. The insulation 
layer 235 can be applied in varying thicknesses or 
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omitted entir-rily to change particle adhesion 
characteristics. Various materials such as photoresist, 
parylene, and/or Teflon^" can be used for this insulation 
layer 235. The insulation layer 235 can also be modified 
5 through hexamethyldisilicane (''HMDS") surface treatment; 
Oo plasma etching, which causes micro-roughening of the 
surface; or substrate annealing at 200 - 400°C ;for high 
temperature cc-atings such as silicon nitride), which 
reduce surface mioisture. 

10 Various elecrrode geomecries can be fabricated 

using the at-ov^e pr<::)cess. Different: aesigns can t^e used 
to transport particles in vari cus areas on the chip. 
E^IGS. 3A - 3C shC'W examples of different oypes of 
electrode geometries: radial (FIG. 3A) , zig-zag (FIG. 

15 33) , and linear (FIG. 3C; . FIG. 4 shows an example of a 
linear two-dimiens ional grid 400 of electrodes for two 
d im. e n s i c^n ^ 1 part i c 1 e m o v omen t . The grid 400 is f o r me d 
from two linear arrays 405, 410 ^recall the i.inear array 
in FIG. 3C;> . Insulators 415 are pc-sitioned cer.ween the 

20 linear arrays 405, 410 v;nere the arrays 405, 410 overlap. 

The width of the individual electrodes and the 
spacing between electrodes are inst rum.ent al for C'ptimal 
particle control. FIG. 5 shows a cross-secti en of an 
electrode panel 500 with values for width c-r thickness. 

25 The width of the electrodes 505 is preferably less than 
approximately 5]im and preferably m.ore than approximately 
3um. The spacing between electrodes 505 is preferably 
based on the diameter of the particles. Hence, for 
particles around 8]am, the electrode spacing is 

30 approximately Bum, and for particles with a diameter of 
approximately Spm, the electrode spacing is appr oximiately 
5[im. These values are optim.ized for linear and zig-zag 
transportation structures. The insulation layer 510 is 
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preferably apprcxiT.ar ely Iprr. z'j ~-ri t::ic>, or .Tiore 
preferably Iprr re 3um, r.3 ensure rr;iriT.ai adhesion. The 
silicon nitrioe layer 515 is preferably aoproxim.ately l^n 
thick. 

5 As nored above, the elecircdes cf the electrode 

panel operate in three phases. FIG. 6 shows a set 600 of 
electrodes eO'z connected in three separate groups clC, 
61:, 62 0. Insulators 625 are pcsiticned betv;een 
elertroaes or cc-nnect ns where crDups overlap. Every 

10 thir<i olectroce 600 is intercc^nnec t eci sd rhat a 

''traveling" v:lt3ge pattern thrcugh the three groups 610, 
61:, 62 1 can be utili::ea to transport particles in the 
direction of the phase progression. 

TZG. 7 shiws vcl-age patterns fc>r the three-pnase 

15 operation of the electrode panel. An triginal signal 
70 J is phase-shifted t :■ forx three waveforms, 705, 7 10, 
715. Other voltage patterns such as sinusoidal waves, 
triangular waves, bi-polar traveling waves, or the 
inverse of the waveforms shown in FIG. 7 can also be 

20 utilized for sustained particle amotion. 

FIG. & shows a sshematic of a phase circuit SOD 
for generatino the waveforms shown in FIG. 7. The pnase 
circuit 700 delivers voltages preferably ranging from, 
approximately lOV to 200V and at frequencies from 

25 approxim.ately 0,1Hz oo lOkHz. An input signal of 

approximately 0 to 9V is output sequentially by phase- 
shift circuit 805 on three separate ^ines 810, 315, 320. 
The signals on lines filO, 815, 320 drive corresponding 
transistors 825, 33C, 835 to output a voltage signal from 

30 a power supply 840 to output ..mes 84 5, 850, 355. Hence, 
the signal on each output line 845, 850, 855 is 
sequentially phase shifted relative to one another such 
that output line 84 5 has the signal 710 shown in FIG. 7, 
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output line 850 has the signal 715, and ourpur line 855 
has the signal 720. Each of the output lines 845, 850, 
85 5 is connected to a group of electrodes in the 
eiecrrode panel (recall FIG. 6) to drive the electrodes 
5 in phase cperarion. Particles T.ove across the elecorodes 
in according to the phase shifted waveform., as described 
below . 

In alternative implementations, particles can be 
made to change direction by sv;itching phases 1 and 5, and 
10 hop (in one place) Erom one electrode to another by 
turning off one ^f tne phases. Such im.plementa t ic-ns 
in::iude a double pole double throv; type of svvitch on zhe 
output lines. 

Understanding st lot ion forces on the particle 
15 helps m analysis of the EPT system. Ic is well known 
tnat for particles in the size range o^f 1 - lOum, 
adhesive forces arise from, van der Waals attraction, a 
meniscus force, and an image force resulting from charges 
cn the particle. Gravitational and bocy forces are 
20 negligible for these airborne particles. The horizontal 
or x-cc>mpcnent of the electrostatic forces (dielectric 
and image; due to the voltage wave-form are responsible 
for particle transport. However, the y-component acts 
downward thus adding to the stiction forces. FIG. 9 
25 depicts an electrode panel 900 and the F, and F.^ forces on 
a particle 905. These forces are described below. 
F,, - F,,^, : V) -r F,^^ (p ) 

F.^ = ^D,-;'v) F.^.. (p) + F,^ + F,^,^^(a) 
where Fr.^y^iv) and F^:,., (v) are the x and y components of a 
30 driving force fromi applied voltage through tne 

electrodes; F:,;, (p) and F.,., (p) are the x and y com.ponents 
of an imiage force due to charges on the particle; F-, is a 
meniscus force; and F.,.-,,^(d} is a Van dew Waals force. 



BNSDOCID <WO 9917883A1J > 



w o 99/17883 




PCX LS98/21198 



FI'3. 10 is a chart lOO oi 2-d finite elenent 
sirr.ulatior. results. Tne 3i:iiula::ior. pararr-eters are as 
fellows: a Burr. SiO- parricie 1005 , Surr. electrode 1010 
width and pitch, lOOV, heights zf the particle of 1 and 2 
5 microns, and the particle is uncharged. The electrodes 
1010 and the particle 1005 are drawn tc scale on the x- 
axis. The x coordinate of each data point represents the 
position of the center of the parf.cle 1005 with respect 
tj the electrodes lOlC. The y-axi.T sr.'Zws magnitude cf 

10 rorce in Mev;t:;ns per meter. 

FIG. 11 is a chart HOC whi ::h f.ncws the magnitude 
of the image forces as a function c-f p-rsition. In this 
simulation, tne parameters are the same as in the 
simulation for FIG. 10 except that the applied voltage is 

15 OV, and the particle is given a charge density. The 

results show that only a dov/nward i::omp:'nent exists, the 
maximum, is cn top of the electrode, and this force 
diminishes as 1/r'- (where r is the distance to the center 
cf the particle). Superposition of these forces gives a 

20 total driving force. 

These simulation results corroborate the phenomena 
observed m experiments. In experiments, variation of 
the vertical distance which is controlled by the 
thickness of the insulation film., clearly affects the 

25 performance. If the insulation is too thin, the image 
forces dominate and efficiency drops. If the insulation 
film is too thick the driving force is not enough to 
overcome the adhesive forces. Therefore a certain ratio 
between tne x and y forces on the particle must be 

30 reached in order to m.aximize transportation efficiency. 
This ratio is controlled with insuiaticn thickness. 
However, each insulation film, has its own optim.al 
thickness oecause Van der Waals and meniscus-type 
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interactions between the particle and the insulation 
surface differ depending upon the type of firrr;. 

Descriptions of experimental results with 
implementations of the technique of the present 
5 disclosure are described below to illustrate examples of 
application of tne technique. 

In one set of experiments, a variety of sizes and 
materials was tested v;ith an implementation of the EPT 
system operating in air. M-Dst of tne experiments were 
10 performed cn various linear ele*: 
spacings of Siami and 3um., where ti: 
soacing were identical. Tne fcllowing chart suminarizes 
the types of particles tested. 



,rode arrays with 
le oiich and -width 



Microspheres 



15 Eorosilicate glass 
E' cl y s t yrene DVB 

raper Mulberry Pollen^ 
Bermuda Grass Smut Spores'^ 



Mean diameter (ijm) 



f - r 



i O . 4 



7 

- 1 



5 . 8 



20 



refers to hydratel size 



Particle efficiency data v/as gatherea by noting 
the ratio of particles transported to the edge of the 
linear electrode array vs. the total number of particles 
cn the structure. Two maj^r trends were noted during 
25 testing. 

The transportation efficiency increases with 
increasing voltage apparently for each of the types of 
the final insulation films and for varying thicknesses of 
the insulation film.. Secondly, the type of final surface 
30 coating appeared tD have a significant effect on particle 
efficiency and threshold voltage, i.e., the minimum 
voltage level to exhibit particle m.otion. For examiple, 
photoresist film, (hardbaked AZ 4400) resulted in apparent 
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rr.aximum efficiencies for glass particles cf approxiT.aceiy 
45?., while Teflor/- fiins resulted in efficiencies of 
apprcxinately 80%. The table below sununarizes the 
characteristics cf different surface coatings. 



5 Linear Sum spacing structure, 8um glass particles 



Surra re coating 


Frequency 


Max 


Threshold voltage 




range fHcj 


Effi ci er.c'/ 


( V) 


PEIVZ' silicon 


0 .9 - 1 C 


10% 


8C 


n: tride 








AZ 4 4 00 


0.1 - ICO 


4 5 •? 


50 


10 TeflDn™ (AF 


1 - 50 0 


8 0 % 


4 0 


] (.'OlS) 









Wote: dara has 2 0 variation 



In addition to variation v;itn different coating 
materials, transporc effi::iency also is a function of 

15 final insuxation film thickness. There is an optimal 
thic-:ness associated with the resist for maximum 
efficiency. FIGS. 12 and 13 show che variation of 
transportation efficiency vs. msulati'Dn height for Sum 
glass spheres for photoresist and Teflon""", respectively, 

20 As tne insulation thickness increases, the efficiency 

decreases because the electrostatic force decreases away 
from, the electrodes. Hov/ever, if the insulation 
tnickness is too thin, then the d-jwnward electrostatic 
force becomes much greater and consequently adds to the 

25 adhesive forces. As described above, finite element 

simulation verified this analysis. In addition, FIG. 13 
alsc shows the effect of frequency and voltage. As 
frequency increases the efficiency improves, and chen 
stays relatively constant. 

30 In another set of exper imient s , a micromachined 

airborne particle filter was constructed including an EPT 
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system according to the present disclosure. FIG. 14 
shows a three dimensional view of such a filter 1400 with 
electrodes 1405. Particles are collected from air by a 
sucrion fan mounted under the chip. The filoer 1400 

5 collects particles 1410 whose sizes are larger than the 
size of filter holes 1415 in the filter 1405. After 
being collected, the particles 1405 are electrostatically 
transported by traveling voltage wave-forms, as described 
above, to a particle reservoir (no^- shown) . in the 

10 particle reservoir, the particles 14 10 can be rurtner 
processes, such as applying wetting and dissolving bio- 
agent s . 

FIGS. 15A - 15G show a fabricatiDn sequence for 
tne air filter shown in FIG. 14. In FiLr. 15A, 
15 apc-roximately 1 pm of silicon nitride 1505 is deposited 
by low pressure cnemical vapor depositi:n (''LPCVD") on a 
si^ittn warer lo^u. -tt: x.^^i. ..^.l. ^^j^.. ^^..^ 

a structural material for the filter 1400 and a mask for 
etching the backside wafer in potassium, hydroxide 
20 ("KOK") . In FIG. 153, one side 150t ot wafer 1500 is 

tim.e etched until the thisrzness cf the silicon wafer 1500 
is approximately 20 pm. In FIG. 15G, tne silicon nitride 
layer 1505 on the opposite side 1505 is patterned to 
prepare holes for the filter (recall the holes 1415 m 
25 the filter 1400 in FIG. 14;. In FIG. 15D, approximLately 
25 00A of alumdnum is thermally evaporated and patterned 
tc form electrodes 1510. Parylene is ceposited to form 
an insulation layer 1515 over tne electrodes 1510. As 
describer above, the insulation layer can also be formed 
30 from m.aterials such as photoresist. Teflon™, or a 

combination. In FIG. 15E, the insulation layer 1515 is 
patterned to expose the silicon suostrate 1500 between 
electrodes 1510 and open a contact hole 1517, The 
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insularicn layer 1515 also strengrhens the eventual 
silicon nitride filter mechanically. In FIG. 15F, a 
second Al layer 1520 is deposited and patterned over the 
contact hole 151"'. In FIG. 15G, the side 1507 of the 
5 silicon substrate 1500 is etched away in the central 
portion v;ith bromine trifluoride tc remove the silicon 
between the electrC'des 1:10 anc open holes 1525 through 
tr.e resulting filter ISBC. FIG5. 1 6A - l^i'C snov; examples 
of three types of electrode designs. 

10 Particle transport in tne resulting filter 1530 is 

performed using the sam.e three phase circuit described 
aoove with referen::e tc FIG. 8. An additional Teflon*-"- 
coating appilied ever insulaticri layer 1515 can impr::-ve 
the movement of 5 :jr 3 pm borosilicate glass particles. 

15 In addition to particle transport in air, an 

alternative implementation provides particle transport in 
liquid using traveling wave-forms of higher frequencies. 
In another set of experiments, transport cf Borosilicate 
glass particles has been done in vacuum pump oil and 

20 water. The glass particles move well in both liquids. 
The transportation of glass particles in oil is very 
sim.ilar with that m air. The yield of transportation is 
almost 100 %. In oil, glass particles are moved by the 
positive dielectrophoret ic force, i.e., the particles 

25 m.ove to the strongest electric field region. In water, 
the glass particles are moved by the negative 
dielectrophoretic force, i.e., the particles move to the 
weakest electric field region. The particles are 
levitated between tne electrodes. The electrode geometry 

30 may vary from^ that described arove for air depending upon 
the type of the liquid, such as varying the spacing 
between electrodes. Ho'wever, tne frequency ranges for 
particles in oil and water are quite different. 
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Preferred Dperation 


frequencies are 


shown in the table 


below . 






Medi um 


Frequency Range 


Threshold vol tage 


water 


iOOkHz ~4MHz 


30V 


5 oil 


3Hz - 500Hz 


20V 



A high frequency and voltage circuit is used to 
transport particles in water. A high frequency power 
supply is necessary rc avoid the electrolysis of water. 
10 An example -:-f such a circuit 17GC is shown in FIG. 17. 
The high frequency phase circuit 1.700 is similar to the 
pvase -ircuit 300 shown in FIG. 8. However frequency 
circuit 1705 is used in place of the resistors 810, 315, 
820 and transistors 825, 830, S35 to phase shift the 
15 input signal and increase the frequency to the 
appropriate level . 

In another implementation, combining the 
implem.entations described above for air and liquid 
mediums, an EPT system provides parti -le transport from 
20 an air to liquid medium. FIG. IB shows a conceptual 
picture of l:.quid to air EPT system 1800. A liquid 
channel or reservoir 1805 is created by etching a cavity 
in a glass slide. The etched slide is bonded to an 
electrode panel 1810. Alternative ways of creating this 
25 liquid interface include using a bulk micromachined, a 
surface micromachined silicon substrate, or molded 
silicone such as po lydimethylsiloxane (^^PDMS";. instead of 
glass. As noted above, the electrode geom.etry and input 
voltage wave-form requirements can be different for 
30 transportation m air and in a liquid m.edium. 

Accordingly the electrode panel 16 10 includes three 
regions of electrodes: a liquid region 1815, an interface 
region 1820, and an air region 1325. Each region has a 
different configuration of electr:-des. Thus, paroicles 
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13 30 are moved frorr. cr.e reqion the next cy the E?T 
process correspcnding zc the electrode configuration of 
the region. The liquid region IS 15 is covered by the 
reservoir 1805 and includes electroaes configured as 
5 described abcve ftr a liquid EFT system. Similarly, the 
air region 15 25 is exposed z"j air and includes electrodes 
configurea as des::ribeo above f:r an air EPT system. 

In the inter fa ::e region 1?:0, the electrodes for 
each medium 5ire interdigi ta ted with eac:; otner. FIG. 13 

10 shows ~ cross-section : f tne in^iorface regio-n l-.?00 ana 
the interdigi tatei elettrodes 1?:5, 1910. A liquid 
meniscus 191:- is formed by the hiquid contacting the 
reservoir 191 j and the insu:.ati :-n layer 192 5 of the 
electr-jde panel 1950. The positicn rjf tne liquid m.eniscus 

15 1'915 is not constant, but varief over a range 1917, Part 
of this variacicn of the Tioniscus 1915 is represented by 
riashed lines 1916. On the liquio side 1913 of that range 
1917, the ^'liquid'' electrodes 1910 are configured for 
liquid EPT. On the air side 19i:- of tne range 1917 of 

20 m.eniscus movem^ent, the ''air" electr:;des 190 5 are 
configured for air EPT. In the range 1917, the 
electrodes 1955, 191C are interdigi tated because the 
medium adjacent the electrodes 1905, 1910 varies between 
air and water depending upon the position of the m^eniscus 

25 1915. The degree of interdigitation is not limited to a 
one-to-one ratio as shown in the picture, but can be 
varied to optimize performance (e.g., to every third or 
every fifth electrtde can be for ''liquid") . 

Num.erous exemplary imp ^.ementat ions of the technique 

30 have been described. nov;ever, the technique is not 

lim.ited to the examples described above. For exam.ple, 
the technique may ice applied to alternative media, such 
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as gases other than air or orher liquids, with 
appropriare modification to the electrode panel. 
Accordingly, the technique is limited only by the scope 
of the follov;ing claims. 
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Whar IS claimed is: 



1. A method of electrostatically transporting a particle 
through a medium, c:imprising: 

generating a plurality of phase-shifted voltage 
5 wave- f (.jrm.s , each said voltage wave-form phase-shifted 

relative to ea^h of the other phase-shifted voltage wave- 
f orm.s ; 

applym-.j each phase-shifted voltage wave-form to a 
corresponding one of a plurality of electrodes to cause a 
10 particle to^ transport across tne electroaes according to 
the phase-shifting, 

wnere the electrodes are arranged in sequential 
group'5, ea::h group including an electrode fromi each set 
in a sequence according to the phase- shift corresponding 
15 to that electrode, and 

where tne particle is transported at a height over 
the eleotrodes between approxim.ate ly IC and 100% of the 
diam:eter of the particle. 



2. The method of claim 1, wherein the phase-shifted 
20 voltage wave-forms have an amplitude and frequency set 

according to the media through which the particle is 
being transported . 

3. The m.ethod of claim. 1, v/herein the m.ediumL is air. 
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4. The method of claim 1, further com.prismg: 

generating a second pluraliry of ^-hase-shif ted 
volrage wave-forms v;hich are different from said 
plurality of phase-shifted voltage wave-forms; and 
5 applying eacn of the second plurality of phase- 

shifted voltage wave-formiS to a corresponainc one of a 
second plurality cf electrcdes tc cause the parti ::le to 
transport across the secona plurality of electrodes 
accc-rciing to the second phase-snif t ing . 



10 5. The method of claim 4, where said plurality Df 

electrodes and said second plurality of electrodes are 
arranged perpendicular to one another. 



6. The m.ethod of claim. 4, where at lease a portion of 
rhe electrodes Z'f said plurality of electrodes and a 
15 Dort:icTi of the elecorodes C'f said second plurality of 
electrodes are in terdi gloated. 



7. The method of claim 4, where the method is fcr 

electrostatically transporting a particle through said 

medium and through a second medium, 
20 where said second plurality of phase-shifted voltage 

wave-forms are for the second media, and 

where the phase-shifted voltage wave-fcrm.s cf said 

second plurality of phase-shifted voltage wave-forms have 

a secona amplitude and second frequency set according to 
25 the second media through which the particle is being 

transported . 
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8. The nethoG cf ciaix 4, v;here the netncci 13 for 
eiecT:rcs::ar icall y t: ranspcrt ing a part^c.e through said 
xediun and thrcugh a second nediux, wherein one second 
medium 03 a liquid. 

5 9. A systerr. f: r electrcst at ically c ranspc rt : nq a 
parol cle through a nediurri, comer ismq : 
a suDStrate; 

a tirst insuiation Layer fcrmed on one subsoraoe; 
a plurality of electrodes arranged in a sequence o: 
10 the insulation layer, where the elecoro;des are divided 
inoc' a cluralicy of gro'^zs and the electrC'des are 
arrangec by gri-up; 

3 second insulatio)n layer ever at least o-ne of the 
elect rodes ; and 
15 a rnase snift circuit connected to; the electrodes 

v;hich supplies a voltage wave-form to eatn group of 
electrodes, where each voltage wave- form for each group 
is phase-shifted relative to the other phase-shifted 
wave-f ormis . 

20 10. The system of claim 9, wherein tne m^edium is a gas 

11. The system of claim 9, wherein tne mLedium is air. 

12. The systemi of claim 9, v/herein each voltage wave- 
form has an am.plitude of approximately lOOV. 

13. The system, of claim. 9, wherein the particle has a 
25 diameter Less than approxim.ately tv;enty m.i crom.eters . 
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14. The systein of ciairr. 9, wherein rhe particle has a 
diLamerer between approxrmateiy one and approximately ten 
mi ::rome ters . 

15. The system of claim 9, wherern the p'arricie is made 
5 of glass. 

16. The system of claim 9, wherein the particle is an 
airborne pol len . 

17. The system of claim. 9, wherein the substrate is made 
from, silicon. 

10 IB. The system, of claim 9, v;herein the substrate is made 
from glass - 

19. The system of claim 9, wherein the first insulation 
layer is m.ade from thermal oxide. 

2G. The system, of claim 3, wherein the first insulation 
15 layer is approximately 1 micrometer thic.<. 

21. The systemi of claim 9, wherein the electrodes are 
miade from, aluminum. 

22. The system of clairr. 9, v;herein the electrodes are 
arranged in a radial pattern. 

20 23. The system of claim 3, wherein the electrodes are 
arranged in a linear pattern. 
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I'r. The s'/szer\ or ^laiT. , >;herein the eiectrcdes are 
arrar.gea ir. a zx.g~zag pattern. 

25. The system cf tlaiT. v;herein the electrcdes are 
each no more than approximately five m:.crorr.eters wide. 

5 26. The system cf claim 1, v;herein the electrodes are 
spaced apprciximat ely exqht microm.eters apart. 

27. The system of claim, v, wnereir. the electrodes are 
spaced approximately five m.icrom.eters apart to 
accominodate a particle approximately five microm.eters ir. 
10 diam.eter. 

2S, The system, of claim 9, wherein the electrodes are 
spaced apart a distance acproximiat ely equal to the 
'iiameter cf the particle. 

29. The system c-f claimL , wherein the second insulation 
15 layer is made frcm polytet raf lucroethy lene . 

30. The system of claim, is wherein the second insulation 
layer is made from parylene. 

31. The system of claim wherein the second insulation 
layer is approximately one to approximately seven 

20 micrometers thick. 

32. The system of claim 9, v;herein the system is a 
microm.achined airborne particle filter. 
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33. The system of claim 9, further corrprrsing: 
a second piuraiitiy of second eiecrrodes arranged in 

a sequence on the insulation layer ^ v/here the second 
electrodes are divided inro a plurality of second groups 
and the second electrodes are arranged by second group; 

wnere the phase shift circuit supplies a second 
vclcage wave-forn tc- eacn second group of second 
electrodes, v/here each second voltage wave-fc-rm. is onase- 
shifted relative zo tne otner second phase-snif ted v/ave- 
fc-rms and v;hrch are different from sacd phase-shi iLed 
vc)ltage wave- forms for said groups of electrodes. 

34. The system of claim. 33, wnere sard plurality of 
electrodes and said second plurality of second electrodes 
a2:e arranged perpendicular to one another. 

15 35. The system of claim 33, v;here at least a oorrion of 
said electrodes of said plurality of electrodes and a 
portion cf said second electrcdes of said second 
plurality of second electrodes are mt erdigi t ated . 

36. The system, of claim 33, where the system is for 
20 electrcstat ical ly transporting a particle through said 
medium and through a second medium, 

where said second phase-shifted vclcage wave-form.s 
are fcr the second media, and 

where said second phase-shifted voltage wave-fo'rms 
25 have a second amplitude and seccnd frequency set 

according to the second media through which the particle 
is being transported. 



5 



10 
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37. Tne syszerr. of clam 53, v;here the syszeT. :s for 
elecrrc statiicall y transport mq a partrole through sard 
rr.edrum arc through a second xediur., wherein the second 
median is a liquid. 

5 38. The systerr of clain: 3":', wherein the seccnc medium os 
wa ter . 

'3he system of o^aim. 37, furtner comprising a 
reserve ir connected to tne second insulation layer, 
posit itnec to contain the liquid between the reservoir 
10 and saia secono electrodes. 

4D. A miethod :f m.anuf acturing a system, for 

electrostatically transporting a particle through a 

medium., com.prising : 

co-ating a substrate with an oxide layer; 
15 depO'Siting a first metal layer upon the oxide layers- 

patterning the first m.etal layer to form, electrodes; 
dept siting a first insulation layer upon the oxide 

layer and the electrodes; 

patterning the first insulation layer to open a 
20 contaot hole to at least one electrode; 

depositing a second m^etal layer upon the first 

insulation layer, where the second m.etal layer contacts 

the first metal layer through the contact hole; 
patterning the second metal layer; and 
25 depositing a second insulation layer upon the first 

insulation layer and the patterned second metal layer. 
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41. A method of manufacturing an airborne particle 
filter including a system for elect rosuatically 
transporting a partrcle across rrie filter, comprising: 

depositing a first silicon nitride layer on a first 
5 side of a silicon v/afer and a second silicon nitride 
layer on a second side of the siliccn wafer; 

etching the second side jf the siliccn wafer, using 
the second silicon nitride layer thereon as a mask; 

patterning the first siliccn nitride layer to open 
10 noles in rhe silicon nitride layer; 

depositing a first metal layer upon the first 
siloc'jn r^itride layer; 

patoerning the first m.eral Layer to form, electrodes 
upon the first silicon nitride layer; 
15 -riepositing an insulaticjn layer upon the first 

silicon nitride layer and the electrodes; 

::atocrnin^ the insulation ..Layer tc open at least cne 
contact note t :< at least one electrode; 

■:;epDsiting a second metal li^yer upon ohe insulation 
20 layer, where the second m.etal layer contacts at least one 
electrode thrc-ugh at least one contact hole; 
patterning the second metal layer; and 
etching the silicon wafer from the second side to 
remiove the silicon contacting the first silicon nitride 
25 layer opposite the electrodes. 
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FIG. 6 
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FIG. 7 
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FIG. 9 
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F, = F^(v)^F,(p)-F^4-F^.,Jd) 

Fp(v): driving force from applied voltage 
F,(p): Image force due charges on particle 
F^^: Meniscus force 
Fy^j^^(d):Van der Waals force 
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FIG. 10 
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FIG. 11 
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FIG. 12 
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FIG. 13 
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FIG. 14 
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FIG. 17 
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FIG. 18 
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